ABSTRACT Muscle development at 20 and 25 d of incubation was studied in a randombred control line (RBC2), a subline (F) of RBC2 selected only for increased 16-wk BW, a commercial sire line (B), and reciprocal crosses of the F and B lines. Muscle samples from three males and three females of each genetic group were collected in such a manner to avoid contraction. After fixing, the muscles were stained with hematoxylin and eosin, measurements of muscle fiber width, muscle fiber bundle length and width, number of fibers within a 15.6 µm 2 area, and extracellular matrix perimysial (PW) and endomysial (EW) width were taken with an Olympus XI 70 microscope equipped with an Olympus Magna Fire digital camera linked to Image Pro software. From each slide, 20 measurements were taken for each characteristic analyzed.
INTRODUCTION
Commercially, broiler chickens and turkeys are the result of a cross of a sire line (or sire line cross) and a dam line (or dam line cross). The sire lines are usually selected for increased growth rate and muscling, whereas selection within dam lines is on growth and reproduction traits. Although growth rate, feed conversion, and muscling have improved in commercial meat birds (Nestor et al., 1969; Havenstein et al., 1994a,b) , meat quality has been altered. In recent years, the turkey processing industry has experienced a meat quality problem that is similar to the pale, soft, and exudative (PSE) condition in swine (Sosnicki and Wilson, 1991) . Turkey PSE meat when cooked has a soft texture, poor meat binding, poor juici- To whom correspondence should be addressed: velleman.1 @osu.edu. 1113 the RBC2 line was included in the comparison of pure lines. However, when only the B and F lines were compared, line differences were less frequent. In comparisons of the B and F lines and their reciprocal crosses, heterosis, as measured by contrasts of the average of the pure lines and the average of the reciprocal crosses, was an important source of variation for individual fiber measurements (negative) and extracellular space (positive) at 20 d of incubation but was less important at 25 d of incubation. No significant interactions between genetic group and sex were noted at 20 d of incubation, but such interactions were frequent at 25 d of incubation. These results suggest that muscle organizational differences between the two sexes begin to occur between these two ages and are not the same for different genetic groups. ness due to reduced water-holding capacity, and increased yield losses. These changes in meat quality may be associated with changes in the turkey musculoskeletal system resulting from selection for increased growth rate. In an investigation by Wilson et al. (1990) , muscle structure and blood enzyme activity were studied to 16 wk of age in turkey lines selected for rapid growth. In all the lines studied, muscle fiber damage was noted. More muscle degeneration and higher levels of plasma creatine kinase were measured in the fastest growing lines. Although the study by Wilson et al. (1990) provided interesting results on how selection for growth rate affects skeletal muscle structure, there is limited information concerning the effect of selection for increased growth rate and breast muscling on breast muscle structure in turkeys.
It is likely that the meat quality problems found in turkeys are caused by changes in the muscle due to selection for growth rate and muscle development. Studies focused on turkey PSE have investigated antemortem (Sams, 1999) and postmortem (Vanderstoep and Richards, 1974) factors and muscle sarcomere characteristics (Pietrzak et al., 1997) . However, these studies have failed to investigate how selection for increased growth rate and muscle mass have affected the space surrounding the muscle fiber bundles, the extracellular matrix.
Two of the major components of the extracellular matrix are collagen and proteoglycans. The collagen component of the extracellular matrix has been well investigated with regard to meat quality due to its role in meat toughening (for review see Velleman, 1999) . Extracellular matrix proteoglycans are a major determinant of tissue water-holding capacity. Proteoglycans have a cental core protein with at least one attached glycosaminoglycan chain. The glycosaminoglycan chain is highly sulfated and consequently has a high negative charge density. The negative charge of the glycosaminoglycan results in water being drawn into the extracellular matrix. Typical glycosaminoglycans identified in skeletal muscle include chondroitin sulfate, dermatan sulfate, and heparan sulfate. Swatland (1990) postulated that one reason turkey muscle tissue from fast-growing birds may have poor cohesion is due to muscle fibers outgrowing their connective tissue. Connective tissue is composed of the extracellular matrix.
The extracellular matrix is a complex structure and skeletal muscle proteoglycan expression changes with developmental age. As skeletal muscle proceeds through embryonic maturation, a transition from a chondroitin sulfate-rich matrix into a complex matrix containing chondroitin sulfate, dermatan sulfate, and heparan sulfate proteoglycans occurs. This transition in skeletal muscle extracellular matrix composition has been shown in turkey , chicken (Fernandez et al., 1991) , and mouse (Young et al., 1990) muscles. Each of these types of proteoglycans may have distinct roles in skeletal muscle formation. For example, the large chondroitin sulfate proteoglycan, versican, is expressed at high levels in 15-d embryonic turkey pectoral muscle and decreases with further embryonic development (Velleman et al., 1997) . Versican has a high negative charge and may function by drawing water into the muscle tissue creating an extracellular space critical for myoblast alignment and the spacing of muscle fibers. It is unknown how selection for muscle growth affects embryonic skeletal muscle formation including the extracellular matrix. Therefore, in the current study, muscle fiber and extracellular matrix characteristics were measured in a randombred control line (RBC2), a subline (F) of the RBC2 selected only for increased 16-wk body weight, a commercial sire line (B), and in reciprocal crosses of the F and B lines.
MATERIALS AND METHODS

Animals and Management
The RBC2 line was started in 1966 from reciprocal crosses of two commercial turkey strains that were repre-3 Fisher Health Care, Houston, TX.
sentative of commercial turkeys at the time (Nestor et al., 1969) and has been maintained by random breeding using a paired mating system (Nestor, 1977b) with 36 parental pairs. Little genetic change over generations in the RBC2 line has been expected or observed (Nestor, 1977a; Noble et al., 1995) .
A subline (F) of the RBC2 line was developed by mass selection only for increased 16-wk BW. Details of the maintenance of the F line and response to selection have been previously reported (Nestor, 1977c (Nestor, , 1984 Nestor et al., 1996 Nestor et al., , 2000 . The F line had been selected over 35 generations at the time of the present study.
A sample of a sire line (B) from a major international turkey breeder was obtained as unpedigreed eggs. The B line was maintained two generations prior to the current study with minimal selection pressure for increased 16-wk BW and increased 16-wk breast width to try to maintain the line at current performance levels. Approximately 50% of the males with largest 16-wk BW and breast width were selected, whereas no selection was practiced in females. Reproduction of the B line in the first generation consisted of mating nine sires to 16 dams with each sire being mated to one or two dams. In the second generation of the B line, 12 sires were mated to 24 dams with one sire being mated to two dams. During both generations, the sires used to mate the dams were rotated at each insemination to increase the genetic base.
Pure line offspring from the F, B, and RBC2 lines and offspring from reciprocal crosses of the B and F lines were used in the present study. The RBC2 and F lines were reproduced with 10 and 20 parental pairs, respectively, without rotation of males. The B line and B line sire × F line dam cross was reproduced by mating 10 sires to 20 dams with each sire being mated to two dams. The F line sire and B line dam cross was made using 20 parental pairs. For the B line and reciprocal crosses of the B and F lines, the males were rotated at each insemination to obtain as large a genetic base as possible. The same males used in the pure B and F line matings were also used to produce the reciprocal crosses. The offspring from the pure lines and reciprocal crosses were produced in a single hatch, representing a 2-wk collection of eggs.
Immunohistochemistry and Muscle Measurements
The breasts were removed from three male and three female embryos from each of the genetic groups used in this study. Each breast was placed in 10% (vol/vol) buffered formalin fixative pH 7.0 at 4 C for at least 17 h. After fixation, a piece of pectoralis major muscle tissue following the fiber orientation was removed and dehydrated through a graded series of alcohols as previously described by Jarrold et al. (1999) , and cleared in Protocol Safe Clear 3 for 1 h with one change at 30 min, and infiltrated with paraffin at 55 C for 4 h with one change at 30 min using a Fisher Tissuematon. 4 The samples were then embedded in paraffin and the resulting paraffin blocks were cross sectioned at 5 µm and mounted on superfrost plus slides. 4 Prior to staining with hematoxylin and eosin, the muscle tissue sections were incubated at 55 C for 30 min and then rehydrated for 10 min in Protocol Safe Clear, 2 min in 100% ethanol, 2 min in 95% ethanol, 2 min in 70% ethanol, 2 min in 50% ethanol, and 2 min in distilled H 2 O. After rehydration, the slides were placed in Gill's #2 hematoxylin 4 for 4 min. Sections were then rinsed in gentle running tap water for 10 min and transferred to eosin Y (0.5 g eosin Y and 2.5 mL glacial acetic acid and brought to 500 mL in 70% ethanol) for 2 min. After staining, the slides were dehydrated back through the graded series of alcohol and xylene replacement Protocol Safe Clear.
The stained sections were analyzed for muscle fiber width, muscle fiber bundle length and width, number of fibers within a 15.6 µm 2 area, and extracellular matrix perimysial (PW) and endomysial (EW) width with an Olympus XI 70 microscope equipped with an Olympus Magna Fire digital camera linked to Image Pro software.
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Each slide from each bird contained a minimum of four sections. From each slide, 20 measurements were taken for each characteristic analyzed.
Statistical Analyses
The data were analyzed using the general linear models procedure of SAS software (SAS Institute, 1988) with genetic group, sex, and the interaction of genetic group and sex as sources of variation. Orthogonal contrasts (SAS Institute, 1988) were used to estimate additive genetic effects (contrast of B and F), heterotic effect (contrast of average of the B and F parental lines and the average of the reciprocal crosses of these lines), and sexlinked and maternal effects (contrast of the reciprocal crosses of Lines B and F).
RESULTS
Muscle Measurements
Twenty Days of Incubation. Genetic groups differed in length of the fiber bundles, width, and number of individual muscle fibers and in PW and EW (Table 1) . The fiber bundles were longer in the F sire × B dam cross than in the pure B and RBC2 lines but were similar to those of the F line and B sire × F dam crosses. All of the large-bodied groups (B, F, and reciprocal crosses) had longer fiber bundles than the RBC2 line. The width of the individual fibers was greater in the B line than in the other genetic groups. The number of individual fibers in a 15.6-× 15.6-µm area was larger in the RBC2 and F lines 4 Fisher Scientific Co., Pittsburgh, PA.
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Media Cybernectics, Silver Spring, MD. than in the B sire × F dam cross with the values for the B line and B sire × F dam crosses being intermediate but not significantly different from the RBC2 and F lines and B sire × F dam cross. The PW was higher in the reciprocal crosses than in the pure lines, which did not differ. The average for PW of the F sire × B dam cross was higher than that for the B sire × F dam cross. For EW, the B line was significantly less than all of the other genetic groups which did not differ.
Males had a larger number of muscle fibers in a 15.6-× 15.6-µm area than females, whereas females had a larger PW than males (Table 1 ). The sexes did not differ in length and width of the fiber bundles, width of the individual muscle fibers, and EW. There was no significant interaction between genetic group and sex for any trait.
Twenty Five Days of Incubation. Differences among genetic groups were observed for length of the fiber bundles and number of individual fibers of males and for width of the individual fibers and PW of females (Table 2 ). However, an interaction of genetic group and sex was significant for all traits measured except width of the fiber bundles and EW; therefore, comparisons of genetic groups must be made within sexes. The interaction for length of the fiber bundles was caused from the genetic groups differing in males but not in females. For males, fiber bundles were longer in the RBC2 line and B sire × F dam cross than in the B line, whereas the fiber bundle lengths of the F line and F sire × B dam cross were intermediate and not different from either group.
Fiber bundle width did not differ among genetic groups or between sexes. The width of the individual muscle fibers differed among genetic groups for females but not males, resulting in the interaction of genetic group and sex. For females, the fiber width was larger in the B line than in the other genetic groups. The number of individual fibers differed among genetic groups for males only, resulting in a significant interaction of genetic group and sex. For males, the number of fibers for the F line were higher than that for the cross of B sires and F dams, whereas the other genetic groups were intermediate and did not differ from the F line or the B sire × F dam cross. For PW, genetic differences were noted for females but not males, which resulted in the interaction of genetic group and sex. The PW of females was larger in the RBC2 and B lines than the F line. The PW for the F sire × B dam cross was smaller than that for the RBC2 line but did not differ from the PW of the B and F lines and B sire × F dam cross. There were no significant differences in EW among genetic groups and between sexes.
Genetics of Muscle Development
Twenty Days of Incubation. Additive genetic effects, reciprocal effects, and heterotic effects were not significant in either sex or for sexes combined for fiber bundle lengths and width (Table 3) . Additive genetic and heterotic effects were important sources of variation for width Means among genetic groups within columns with no common superscript are different (P < 0.05).
x-y
Means between sexes within columns with no common superscript are different (P < 0.05).
1
Number of fibers in a 15.6-× 15.6-µm area.
2 PW = width of the perimysial space; EW = width of the endomysial space.
3 RBC2 = randombred control line; F = subline of RBC2 selected long-term for increased 16-week BW; B = commercial sire line. In the reciprocal crosses, the sire is listed first.
of individual muscle fibers. The heterotic effects were large and negative. No significant additive genetic effects were observed in either sex for number of muscle fibers, but significant negative heterotic effects were observed for males and for sexes combined. Additive genetic effects were not significant for PW, but large and positive heterosis was observed in both sexes separately and for sexes combined. Additive genetic variation was an important source of variation in EW, and significant positive heterosis was observed in females and sexes combined. A significant difference between reciprocal crosses was observed only for PW when the sexes were combined.
Twenty Five Days of Incubation. No significant additive or reciprocal effects were noted for fiber bundle length and width (Table 4) . Heterosis was positive and significant for length of the fiber bundles in males. Additive genetic effects were significant for individual fiber width in females and sexes combined. For fiber number, Means within columns with no common superscript are different (P < 0.05).
1 RBC2 = randombred control line; F = subline of RBC2 selected long-term for increased 16-week body weight; B = commercial sire line. In the reciprocal crosses, the sire is listed first. additive effects were not significant, but there was significant negative heterosis for males. For EW, none of the genetic effects were significant for males, females, or sexes combined. The additive genetic variation was significant for PW of females, but no other genetic effects were significant for males, females, or sexes combined.
Histology
At embryonic Day 20 for males, the muscle fiber pattern observed in the F line ( Figure 1A ) and F sire × B dam cross ( Figure 1C ) genetic groups were similar, as were the patterns noted in the B line ( Figure 1B) and B sire × F dam cross ( Figure 1D ) genetic groups. The observed muscle fiber pattern in the reciprocal crosses was consistent with that of the male parent. The muscle fiber pattern noted in the RBC2 genetic group was dissimilar to that observed in the other genetic groups. Measured by the contrast of the F and commercial sire line.
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Measured by the contrast of the reciprocal crosses. Reciprocal effects are a measure of sex linkage or maternal effects.
4
Measured by the contrast of the average of the parental lines and the average of reciprocal crosses. Value for heterosis was obtained by dividing the average of the reciprocal crosses by the average of the parental strains and multiplying the results by 100. Values are percentages.
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6 PW = width of the perimysial space; EW = width of the endomysial space. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001.
In the RBC2 line at embryonic Day 25, sex-associated differences in muscle fiber bundle morphology and extracellular perimysial width were visually observed (Figure 2 ). In the males, the muscle fibers were longer than those observed in the females (Figure 2A and B) . The perimysial space between muscle fiber bundles was larger in the females compared to the males. In Figure  2C and D, the male and female muscle fiber organization is shown for the F line in which no observable difference was noted in muscle fiber bundle length. However, in the F line, the perimysial width in males was greater than that observed for the females. In the B line, an interaction by sex was observed for individual muscle fiber dimensions (Figure 3) . The muscle fibers in the females ( Figure 3B ) were approximately 34% larger (Table 2) in diameter than those of the male ( Figure 3A) . Measured by the contrast of the F and commercial sire line. 
DISCUSSION
Skeletal muscle myogenesis is a complex process that involves muscle cell proliferation, migration, adhesion, and fusion to form multinucleated myotubes and further differentiation into mature muscle fibers (Swartz et al., 1994) . The formation of muscle is, in part, controlled by the interaction of muscle cells with their extrinsic environment, the extracellular matrix. The extracellular matrix has been shown to be essential for muscle myogenesis (Melo et al., 1996) as it is involved in the regulation of cell gene expression, proliferation, migration, adhesion, and differentiation (Yanagishita, 1993) . These properties of the extracellular matrix will likely affect muscle fiber number and size and the perimysial and endomysial spacing of muscle fiber bundles and fibers, respectively. How genetic selection for posthatch muscle growth affects embryonic muscle fiber and extracellular matrix development has not been determined.
The results from the current study showed that muscle myogenesis during the later stages of embryonic development is dynamic. Morphological aspects of fiber organization and extracellular matrix spacing were examined at 20 and 25 d of incubation. At 20 d of incubation, there was no interaction between genetic group and sex, but at 25 d of incubation such interactions were prevalent. These results suggest that muscle organizational differences between the two sexes begins to occur between these two ages and is not the same for different genetic groups. Differences in embryonic turkey BW and muscle mass between the two sexes have been shown to occur as early as embryonic Day 12 (Burke, 1994) .
In most of the muscle traits measured, additive genetic variation occurred when the RBC2 line was included in the comparison of pure lines. However, when only the B and F lines were compared, line differences were less frequent. The F line was selected only for increased 16-wk BW, but the selection criteria for the B line were unknown, although, based on BW and body conformation of the B line, selection emphasis must have been placed on increased BW and increased breast muscle mass. Based on data for the F and B lines and their reciprocal crosses, heterosis was an important source of variation for individual fiber measurements (negative) and extracellular space (positive) at 20 d of incubation but was less important at 25 d of incubation. When only largebodied groups were included, additive genetic variation was an important source of variation for individual fiber width at 20 and 25 d of incubation. Results from the present study suggest that embryonic muscle develop- The question that emerges from these studies is: how does embryonic muscle development affect posthatch muscle growth? The embryonic period of muscle growth is characterized by hyperplasia, which refers to an increase in the number of cells or muscle fibers. In contrast, postnatal muscle growth is primarily due to muscle hypertrophy or the enlargement of existing muscle fibers.
Hence, the embryonic period of muscle growth largely determines the number of muscle fibers (Allen et al., 1979) . Currently, it is unknown how genetic selection for posthatch muscle growth has affected the embryonic stages of muscle formation.
Genetic selection for growth in the modern commercial turkey has led to changes in skeletal muscle as well as problems in meat quality. Fast-growing turkeys have increased incidence of the following skeletal muscle conditions: deep pectoral myopathy (Sutherland, 1974; Harper et al., 1975; Siller, 1985) and focal myopathy (Sosnicki and Wilson, 1991; . Numerous studies (Ngoka et al., 1982; Smith and Fletcher, 1988; Smith et al., 1992; Walker et al., 1995) have focused on biochemical changes in the breast muscle at the time of harvest. Some of the physical changes noted in the skeletal muscle at the time of harvest include hypercontraction of muscle fibers, fiber defects, and increased muscle cell size (Sosnicki et al., 1988 (Sosnicki et al., , 1989 . It has also been suggested that the muscle fibers have out grown the extracellular environment, the connective tissue.
How selection for growth and muscle mass in turkeys has affected the embryonic period of muscle formation needs to be further studied at the molecular level. However, results from the present study suggest that embryonic muscle development can be affected by selection within a line or by crossing of existing lines.
